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A promising method to investigate dark exciton transitions in quantum dots is presented. The
optical recombination of the dark exciton is allowed when the exciton state is coupled with an
individual magnetic impurity (manganese ion). It is shown that the efficient radiative recombination
is possible when the exchange interaction with the magnetic ion is accompanied by a mixing of the
heavy-light hole states related to an in-plane anisotropy of the quantum dot. It is also shown that
the dark exciton recombination is an efficient channel of manganese spin orientation.
PACS numbers: 73.21.La; 75.75.-c; 78.55.Et; 78.67.Hc
Semiconductor quantum dots (QDs) are among the
most promising single-photon emitters [1–4]. They have
potential applications in quantum information process-
ing, and quantum telecommunications due to their seam-
less integration in semiconductor circuits, their robust-
ness, and their relatively easy handling. Crucially, semi-
conductor QDs provide the possibility to integrate pho-
tonic properties with the spin of an individual magnetic
impurity [5]. The magnetic spin can be selectively manip-
ulated and used for information storage [6, 7]. However,
the use of semiconductor QDs in a realistic working de-
vice requires a reliable control of the excitation process
as well as an understanding of the emission channels.
An important, but nevertheless, little investigated re-
combination channel is related to the dark exciton states
i.e. states with total angular momentum equal to 2 [8].
Random transitions between dark and bright excitonic
states lead to exciton decoherence [9] and a significant
modification of the recombination dynamics which can
result in the delayed emission of photons [10, 11]. De-
spite their importance, dark exciton states are difficult to
probe. The radiative recombination of dark excitons is
forbidden so that they usually cannot be studied directly
using spectroscopic techniques. Their properties can be
accessed indirectly by a detailed analysis of the dynamics
in time-resolved profiles of the bright exciton photolumi-
nescence [10–12]. The other possibility is to measure the
weak optical transitions under conditions in which the
dark exciton recombination is partially allowed. This has
been achieved either by the use of the in-plane magnetic
field which mixes the heavy-light hole states [13, 14] or
by placing the QD in a micro-pillar which enhances the
coupling of the exciton with light [15].
Here we present an investigation of dark exciton opti-
cal transitions which are allowed due to the simultaneous
spin flip of coupled single magnetic impurity. We analyze
the dark exciton wave function and show that the radia-
tive recombination of dark excitons is efficient only when
the exchange interaction with the magnetic ion is accom-
panied by mixing of the heavy-light hole states, related
to an in-plane anisotropy of the QD. To demonstrate the
interplay of both mechanisms, high magnetic field spec-
troscopy has been employed. We determine all relevant
parameters such as the dark exciton oscillator strength,
the in-plane anisotropy, and the exchange interaction.
Additionally, we show that the dark exciton recombina-
tion can be used as an efficient channel for controlling
the orientation of the spin of the magnetic ion.
The sample, which was grown using molecular beam
epitaxy, contains a single layer of self-assembled CdTe
QDs with a low concentration of Mn2+ ions, embedded
in a ZnTe matrix. The Mn2+ concentration was adjusted
to obtain a significant number of QDs containing exactly
one Mn2+ ion [16]. For the measurements, the sample
was placed in a micro-photoluminescence (µ-PL) setup
and kept at the temperature of 4.2 K. The resistive mag-
net produced magnetic field up to 28 T. The field was
applied in the Faraday configuration, parallel to the the
growth axis of the sample. The PL of the QDs was ex-
cited either above the gap of the ZnTe barrier (at 532 nm)
or using a tunable dye laser in the range 570 − 610 nm.
Both the exciting and the collected light were transmit-
ted though a monomode fiber coupled directly to the
microscope objective. The use of the monomode fiber
combined with polarization optics outside the cryostat
permits the control of the circular polarization of both
the exciting and detected light.
The diameter of both the excitation and detection spot
was less than 2 µm, which allows us to select spectra of
different single QDs containing a single Mn2+ ion. Rep-
resentative results for two selected QDs with different in-
plane anisotropy are shown in the insets of Fig. 1. Char-
acteristic PL spectra contain a neutral exciton (X) lines
split into sextuplets due to the X-Mn exchange interac-
tion [5, 17]. The total spin of the Mn2+ ion is 5/2, and it
has six possible projections onto the direction of highly
anisotropic excitonic spin. Thus, each of the six possible
spin states of the ion is related to a specific component of
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FIG. 1. (a-b) Color-scale plots of the PL spectra of two single
Mn-doped QDs as a function of magnetic field. Two dots
(QD1 and QD2) differ by in-plane anisotropy. The vertical
scale of each panel is shifted by E0. Insets: PL spectra at B =
0. (c) Simulation of the optical transitions in the QD2 with
the model described in text. The line thickness corresponds
to the oscillator strength of the transitions.
the excitonic sextuplet for a given circular polarization.
As in our previous work [7], we have selected dots con-
taining a single Mn2+ ion which have a nonmagnetic QD
as a close neighbor. The resonant excitation of this dot
is followed by a spin conserving X transfer to the Mn-
doped QD [18]. This permits the efficient and selective
excitation of the luminescent dot as well as the selection
of the spin polarization of excitons injected into this dot.
Figure 1(a-b) shows the evolution of neutral exciton
PL spectra with magnetic field, measured without polar-
ization resolution for the two selected QDs. To elucidate
the most characteristic spectral features of this evolution
we initially focus on Fig. 1(a) showing the QD with the
smaller in-plane anisotropy. In the magnetic field, the ex-
citon sextuplet splits into two distinct Zeeman branches
corresponding to σ+ and σ− circular polarizations for the
upper and lower branch respectively. The lowest compo-
nent of each branch corresponds to the Mn2+ spin an-
tiparallel to the exciton spin [5]. The resonant excita-
tion with σ− polarization prevents the Mn2+ spin from
thermalizing in the magnetic field [7] due to the interac-
tion of the Mn2+ ion with spin-polarized carriers injected
into the dot. Therefore all six lines are visible in both
branches up to magnetic fields ∼ 15 T.
At a magnetic field of around 12 T, an anticrossing
of the outermost lines of both branches is clearly visible
(“A” in Fig 1(a)). These two lines correspond to the same
−5/2 state of the Mn2+ spin, but two opposite spin states
of X . At this field, the excitonic Zeeman splitting ex-
actly compensates the X-Mn exchange interaction. The
splitting (anticrossing) of these two lines is then sim-
ply due to the in-plane anisotropy of the QD, acting via
the anisotropic component of the electron-hole (e-h) ex-
change interaction, as observed for excitonic lines in the
absence of magnetic field for nonmagnetic QD [19]. As we
have checked, the two split lines show linear polarization
(presumably along the symmetry axes of the anisotropic
dot), in contrast to the remaining sextuplet lines which
are polarized circularly. The anisotropic exchange split-
ting, determined from the anticrossing, is equal to 60µeV
for QD1 in Fig 1(a), and 230µeV for QD2 in Fig 1(b).
Our optical method to align the Mn2+ spin against
the action of the external magnetic field [7] becomes less
efficient at magnetic fields above ∼ 15 T. This is due to
the accelerated spin-lattice relaxation of the Mn2+ spin
at high magnetic fields [20]. As a result, the Mn2+ spin
orientation thermalizes and the excitonic lines related to
the less populated spin states vanish.
Strikingly, the QD with the larger anisotropic ex-
change splitting value (Fig 1(b)) has an additional, albeit
weaker, lower branch consisting of only five lines. To un-
derstand the origin of this branch one should notice that
optical transitions are possible in two situations: (a) The
projection of total angular momentum of the exciton on
the quantization axis is equal to ±1 (bright exciton). In
this case the transition is dipole allowed and the Mn2+
spin projection is conserved during the X recombination.
Branches with six lines are related to this kind of recom-
bination. (b) The projection of total angular momentum
of the exciton is equal to ±2 (dark exciton, Xd). Then,
in the first approximation the optical transition is dipole
forbidden. However, the valence band mixing and the ex-
change interaction with the Mn2+ ion result in a mixing
of the electron and hole spin states. As a result, the Xd
states have an admixture of the X states with the Mn2+
spin projection different by 1. Thus, the Xd recombina-
tion is possible when accompanied by the simultaneous
spin-flip of the Mn2+ ion. As there are only 5 possible
transitions between the 6 Mn2+ spin states, the PL lines
related to Xd present a fivefold spitting. The upper en-
ergy branch of Xd is not clearly visible in our experiment
because it overlaps with much stronger X transitions.
The quantum states of the exciton and Mn2+ spin
can be described in the basis given by three quantum
numbers: |Sz, σz , jz〉 indicating the Mn
2+, electron and
hole angular momentum projections onto the quantiza-
tion axis parallel to the magnetic field. Using the avail-
able information for the g-factors of the carriers and the
Mn2+ ion [21], we attribute the Xd low energy branch to
the recombination of |Sz ,+1/2,+3/2〉 states. Therefore,
to satisfy the selection rules for Xd dipolar recombina-
tion the projection of the Mn2+ spin must be increased
by 1. This implies that each possible Xd recombination
is related to a spin-flip of the Mn2+ ion towards the state
polarized opposite to the thermalized state. There are
three different admixtures of the Xd states which make
this process possible (see Fig. 2(a)). The first one is the
state with the opposite spin projection of the electron
(|Sz + 1,−1/2,+3/2〉). It is mixed with the Xd state
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FIG. 2. (a) Schematic diagram of X admixtures in the Xd
states and possible channels of optical transitions related to
the Xd recombination. (b) Xd/X intensity ratio in σ
+ polar-
ization vs. X-Mn exchange constant. (c) Degree of circular
polarization of Xd spectrum vs. anisotropic exchange split-
ting of the QD. A value of −1 denotes pure σ− polarization,
while a value of +1 refers to pure σ+ polarization. Inset:
The width of splitting between the | + 1.5,+1/2,+3/2〉 and
| + 2.5,+1/2,−3/2〉 lines (“B” in Fig. 1(b)) calculated from
the model vs. splitting between these lines determined di-
rectly from the PL for those QDs for which it was possible.
due to the e-Mn exchange interaction. The second ad-
mixture, caused by the h-Mn exchange interaction, con-
sists of a light hole with a spin projection different by
1 from the heavy hole of the Xd (|Sz + 1,+1/2,+1/2〉).
The last admixed state, |Sz + 1,+1/2,−3/2〉, consists of
a heavy hole with a spin projection different by 3 from
the spin projection of the original state. This admix-
ture is induced by two interactions acting together: the
heavy-light hole mixing, which mixes hole states with
spin projection different by 2, and by the h-Mn exchange
interaction. A direct experimental evidence for the pres-
ence of valence band mixing is provided by the anticross-
ing of the highest energy line of Xd and the lowest en-
ergy line of X at a magnetic field ∼ 7 T (labeled “B” in
Fig 1(b)). These lines correspond to |+1.5,+1/2,+3/2〉
and |+ 2.5,+1/2,−3/2〉 states, respectively.
The radiative recombination related to the first two
of these admixtures results in the emission of a photon
with σ+ polarization. The amplitudes of these admix-
tures to the Xd state depend only on the e-Mn and h-
Mn exchange constants, i.e. on the overlap of the Mn2+
ion and the carrier wave functions. In contrast, the re-
combination related to the third admixture produces a
σ− polarized photon. The amplitude of this admixture
depends not only on the X-Mn exchange interaction,
but also on the valence band mixing, which, similarly
to the anisotropic exchange splitting, results from the
in-plane anisotropy of the QD [14, 22–24]. The role of
this anisotropy in determining the polarization of the Xd
lines is clearly visible in our experiment. Fig. 3 shows
spectra of the two QDs shown in Fig 1 for similar exci-
tation conditions and magnetic field near the anticross-
ing of the lines corresponding to |− 2.5,−1/2,+3/2〉 and
| − 2.5,+1/2,−3/2〉 states (“A” in Fig 1(a-b)). The σ−
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FIG. 3. Spectra of the two QDs shown in Fig. 1 taken un-
der excitation with σ− polarized light with polarization re-
solved (σ+ or σ−) detection for magnetic fields near the an-
ticrossing of lines corresponding to | − 2.5,−1/2,+3/2〉 and
| − 2.5,+1/2,−3/2〉 states (“A” in Fig 1(a-b)).
polarized lines are much more pronounced with respect
to the σ+ polarized ones for a highly anisotropic QD2.
As a quantitative measure of the Xd oscillator strength
for both circular polarizations we use the Xd/X intensity
ratio. Since this ratio depends on the excitation power
[25], one should use identical excitation conditions to be
able to compare its value for different QDs. Experimen-
tally, this is achieved by choosing the same XX/X in-
tensity ratio equal in our case to 1/3. The XX inten-
sity increases roughly quadratically with the excitation
power, while the X intensity follows linear power depen-
dence ([26, 27]). Thus, this ratio gives a measure of the
excitation efficiency.
A strong increase of the Xd/X intensity ratio in σ
+
polarization with increasing X-Mn exchange constant is
clearly visible in Fig. 2(b). It confirms the origin of the
first two recombination channels described above. How-
ever, the Xd oscillator strength for σ
− polarization de-
pends both on the X-Mn exchange interaction and the
QD anisotropy. To elucidate the role of the anisotropy,
we can use the circular polarization of the Xd . Fig. 2(c)
shows that the polarization of the Xd evolves towards σ
−
as the anisotropic exchange splitting increases. There-
fore, we conclude that a high in-plane anisotropy of the
QD leads to a strong mixing of light and heavy holes,
which combined with the presence of the Mn2+ ion is the
reason for the strong σ− polarization and high intensity
of the Xd spectrum. It is important to note that for non-
magnetic QDs showing similar anisotropy [14] the optical
transitions of Xd are not observed, except in the presence
of a strong in-plane magnetic field.
As each Xd recombination in the lower energy branch
involves an increase of the Mn2+ spin projection by 1,
dark exciton recombination can play the role of an ef-
fective Mn2+ spin orientation mechanism. In our exper-
iment the Xd/X intensity ratio for a highly anisotropic
QD and σ− polarized excitation was as high as 10%. This
4is comparable to the probability of a spin-flip of the Mn2+
ion per one recombination of the X in the QD which was
estimated to be ∼ 10% in Ref. [7]. While this orientation
mechanism should be present for both circular polariza-
tions of excitation, only the σ− polarization which pop-
ulates the low energy branch of Xd is fully seen. The σ
+
polarized excitation decreases the Mn2+ spin projection
[7]. Under such conditions the high energy branch of Xd
should be populated and the low energy branch should
be virtually invisible. The latter is, indeed, confirmed in
our experiment. However, it is not possible to observe
directly the high energy Xd branch, since it occurs in the
same energy region as the much stronger X lines.
A quantitative description of key features of the data
in Fig. 1(a-b) is provided by a simple model with the
initial state of the QD after excitation event given by the
following Hamiltonian ([13, 14, 28–30]),
H = gMnµB
−→
B.
−→
S + geµB
−→
B.−→σ + ghµB
−→
B.
−→
j − Ie
−→
S .−→σ
− Ih
−→
S .
−→
j +
∑
i=x,y,z
(
aijiσi + bij
3
i σi
)
− γj2z + β
(
j2x − j
2
y
)
where S, σ and j are the Mn2+, electron and hole spin op-
erators, respectively, the first three terms represent the
Zeeman energy of the Mn2+ ion, the electron and the
hole, Ie and Ih are the e-Mn and h-Mn exchange in-
teraction constants, ai and bi are e-h spin-spin coupling
constants, 2γ is the heavy-light hole splitting and β rep-
resents the strength of the heavy-light hole mixing. The
first term is also the Hamiltonian of the final state of the
system after the exciton recombination. We also intro-
duced an additional, phenomenological term related to
the excitonic diamagnetic shift to facilitate a comparison
of the model and experimental data.
The energies of the optical transitions versus magnetic
field, calculated using this Hamiltonian for the two cir-
cular polarizations, are plotted in Fig. 1(c). The cal-
culations clearly reproduce the key features of the ex-
perimental data in Fig. 1(a-b), such as for example the
X-Mn exchange splitting and the anisotropic exchange
splitting. All parameters in the Hamiltonian (except for
γ assumed to be 15 meV [24]) can be extracted by fitting
to the experimental data. In particular, the heavy-light
hole mixing can be estimated using the degree of circular
polarization of Xd lines. Such an approach permits an es-
timation of the β parameter even for those QDs, for which
the anticrossing between the | + 1.5,+1/2,+3/2〉 and
|+2.5,+1/2,−3/2〉 lines (“B” in Fig. 1(b)) is not clearly
visible. As shown in the inset of Fig. 2(c) the obtained
value of this anticrossing remains in very good agreement
with the value estimated directly from PL data. This
confirms the proposed mechanism of Xd brightening.
To conclude, we have used a QD with a single mag-
netic impurity (Mn2+) to investigate the dark exciton
transitions. The X-Mn exchange interaction, when com-
bined with a mixing of the heavy-light hole states induced
by the QD in-plane anisotropy, allows dark exciton re-
combination accompanied by a simultaneous Mn2+ spin
flip. High magnetic fields have been used to spectrally
separate the PL lines related to X and Xd transitions
and to extract the important QD parameters (e.g. the
anisotropic exchange splitting). The excitation of the
Mn-doped QD via a closely lying second QD permits the
precise control of the spin of the carriers injected to the
QD and therefore a control over the Mn2+ spin orien-
tation. The simple Hamiltonian, which describes this
system, reproduces correctly all the key features of the
PL spectra of the QD in high magnetic field.
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